virus, can result in a clinical picture resembling smallpox. Human infection with monkeypox virus is extremely rare, not easily transmitted, and confined to the rain forest belt of Africa (Z. Jezek and F. Fenner, p. 81-102, in Humnan Monkeypox, 1988) . Evidence that variola virus, the causative agent of smallpox, might be readily derived from monkeypox virus was presented [S. S. Marennikova 45: [683] [684] [685] [686] [687] [688] [689] [690] [691] [692] [693] [694] [695] [696] [697] [698] [699] [700] [701] 1979] , the possibility that monkeypox virus was a more remote ancestor of variola virus remained.
We have now identified a sequence in monkeypox virus DNA which is a homolog of a 1,065-bp open reading frame in the conserved region of the variola virus genome but which has multiple deletions. This is strong evidence that monkeypox virus is not ancestral to variola virus and strengthens confidence in the long-term success of smallpox eradication.
Published restriction maps (1, 3, 4, 8) show that the majority of the HindIII cleavage sites in the central parts of the genomes are conserved between monkeypox virus and variola virus, and the respective maps can be aligned on this basis. Within the conserved region, the variola virus Harvey HindIII D fragment is somewhat longer than the corresponding monkeypox virus Denmark HindIII E fragment (1, 8 end of each insert were resistant to S1 digestion and were taken to be almost identical (data not shown). These results, summarized in Fig. lb , appeared to localize the surplus variola virus sequence to a region around the RsaI site. The length of the HincII-RsaI fragment of the variola virus sequence in this region was reduced by exonuclease from the HincII end to 81 bp (as determined by subsequent sequencing) and cloned into pUC19 to be used as a hybridization probe. This probe failed to hybridize to the monkeypox virus HindIII E fragment or to any other part of the monkeypox virus genome. Further hybridization tests confirmed that this 81-bp sequence was not to be found in genomic DNA from each of six isolates of monkeypox virus (two each from West Africa, Nigeria, and Zaire). In contrast, the probe hybridized to DNA from five strains of vaccinia virus, to DNA from one strain each of cowpox, camelpox, and taterapox viruses, and to cloned DNA from a second strain of variola virus (Somalia).
The 2.9-kb EcoRI-BamHI fragment of variola virus was reduced by about 1.4 kb from the Bam end by exonuclease and recloned for sequencing. Sequencing was done in both directions by using the dideoxy method of Sanger, modified for use with Sequenase enzyme and with double-stranded templates and synthetic oligonucleotides used as forward and reverse primers. Further subclones of reduced length were prepared by exonuclease digestion and recloning, as required by the initial sequencing results. Figure 2 shows the variola sequence read to the right from the NcoI site (Fig. lb) EK N Hc EK N Hc *********C*****T*A**************A**********T**************** 40.5
181 TATTATGTTGATATTAACAAAAGTGAATATATATATGTTAATAATTGTATTGTGGTTATA -****************T**------------------------*C************** 241 TGGCTACAATTTCATAATGAGCGGAAGTCAGTGTCCGATGATTAATGACGATAGATTTAC A 301 TCTGAAAAGAAAGTATCAAATCGATAGTGTAGAGTCGACAATGAAAATGGATAAGAAGAG ***************C**************T Further analysis of the 2.9-and 2.4-kb Eco-Bam fragments. KpnI, NcoI, HincII, and RsaI sites are denoted by K, N, Hc, and R, respectively. The heavy lines denote 1.4-kb regions which were taken to be almost identical because these regions were not sensitive to digestion with S1 nuclease in heteroduplexed material. Harvey is a strain of variola major virus, and Somalia is a strain of African variola minor virus (2). Similar methods were used to obtain a corresponding sequence from monkeypox virus Denmark. This could be aligned to the variola virus ORF with 96% base similarity by introducing four deletions of 24, 1, 391, and 24 bp (Fig. 2) . The first of these deletions occurred 16 bases after the initial ATG in the variola virus sequence and was followed 40 bases later by a G-to-T substitution which introduced a stop codon into the monkeypox virus sequence. Twelve bases later is another in-frame ATG, from which the monkeypox virus sequence is similar to the variola virus sequence for 322 bases up to the single-base frameshift deletion at base 600 (Fig. 2) . The next 68 bases retain a close similarity to variola virus up to the beginning of the major, 391-bp deletion, which is closely followed by two in-frame stop codons and 14 bases later is followed by the second 24-bp deletion. It was noted that the variola virus sequence corresponding to the 24-bp deletions was flanked by short, direct repeats, of which a single copy was present in the monkeypox virus sequence. This also implied that each of these deletions could be either placed as shown or shifted 6 bases along.
No sequencing of DNA from other strains of monkeypox virus was done, but the deletions shown by the hybridization experiments were confirmed for three other strains by using the polymerase chain reaction to amplify fragments spanning the region of the major deletion; in each strain, the resulting fragment was significantly shorter than the control fragment from variola virus. This experiment, done on genomic monkeypox virus DNA, also confirmed that there was no complete copy of this ORF elsewhere in the monkeypox virus genome.
The overall base similarity of 96% shows that there must be common ancestry of the DNA sequences examined in both variola and monkeypox viruses. In both major and there was also a truncation at the 5' end, leaving a potential coding sequence less than one-third the length of that in variola virus. It follows that variola virus and monkeypox virus have evolved independently since branching from their common ancestor and that variola virus could not be a direct descendant of the existing monkeypox viruses.
Comparison of the variola virus ORF with published vaccinia virus sequences shows that it is closely similar to the E5R ORF found in the Copenhagen strain of vaccinia virus (5, 6) and the equivalent ORF in vaccinia virus WR (GenBank accession no. M36339 and M59239). We sequenced the region equivaleht to E5R in another strain of vaccinia virus (Dairen) and found a similar ORF.
It was noted that our variola virus sequence includes the equivalent of the beginning of the E4L ORF and the short E ORF B found in vaccinia viruses (5, 6) . The latter lies wholly within the 391-bp sequence which forms the main deletion found in monkeypox virus DNA.
No function has currently been assigned to vaccinia virus E5R (5, 6) . The presumptive translation products of the two variola virus ORFs differed at 14 residues from the corresponding residue in each of the three vaccinia virus ORFs. These 14 residues were conserved through the three vaccinia virus strains, but the vaccinia viruses varied among themselves at 10 other residues. At each of these 10 sites, the variola virus residue matched the residue in at least one of the vaccinia virus strains. A fuller report on the phylogeny of the E5R gene is in preparation.
Although the E5R sequence lies within the conserved central part of the Orthopoxvirus genome, its disruption in monkeypox virus suggests that it is a nonessential gene. This possibility is being tested with vaccinia virus.
Nucleotide sequence accession numbers. GenBank accession numbers and virus designations for the DNA sequences reported here are as follows: M95532, Harvey, Orthopoxviridae, variola virus, 1,560 bp; M95533, Somalia, Orthopocxviridae, variola virus, 1,560 bp; M95534, MPDENMAR, Orthopoxviridae, monkeypox virus, 1,148 bp; and M95535, VVDIE, Orthopoxviridae, vaccinia virus, 1,579 bp.
